Prenatal testosterone (T)-treated female sheep manifest reduced adipocyte size and peripheral insulin resistance. The small adipocyte phenotype may reflect defects in adipogenesis and its steroidal machinery. To test whether prenatal T treatment from gestational days 30 to 90 alters the visceral adipose tissue (VAT) steroidal machinery and reduces adipocyte differentiation, we examined expression of the steroidogenic enzymes, steroid receptors, and adipocyte differentiation markers at fetal day 90 and postnatal ages 10 and 21 months. Because gestational T treatment increases fetal T and maternal insulin, the contributions of these were assessed by androgen receptor antagonist or insulin sensitizer cotreatment, either separately (at fetal day 90 and 21 months of age time points) or together (10 months of age). The effects on adipogenesis were assessed in the VAT-derived mesenchymal stem cells (AT-MSCs) from pre-and postpubertal time points to evaluate the effects of pubertal steroidal changes on adipogenesis. Our results show that VAT manifests potentially a predominant estrogenic intracrine milieu (increased aromatase and estrogen receptor a) and reduced differentiation markers at fetal day 90 and postnatal 21 months of age. These changes appear to involve both androgenic and metabolic pathways. Preliminary findings suggest that prenatal T treatment reduces adipogenesis, decreases expression of differentiation, and increases expression of commitment markers at both pre-and postpubertal time points. Together, these findings suggest that (1) increased commitment of AT-MSCs to adipocyte lineage and decreased differentiation to adipocytes may underlie the small adipocyte phenotype of prenatal T-treated females and (2) excess T-induced changes in steroidal machinery in the VAT likely participate in the programming/maintenance of this defect.
Introduction
Metabolic diseases such as obesity, type 2 diabetes mellitus, and polycystic ovary syndrome (PCOS) are usually associated with systemic insulin resistance (IR) and adipose tissue dysfunction. 1, 2 The relationship between adipose tissue dysfunction and IR is so strong that either buildup of adipose tissue as in obesity or deficiency as in lipodystrophy is accompanied by IR. 3 Various developmental insults stemming from disease states, under nutrition, obesity, stress, and exposures to environmental pollutants have been implicated in the development of IR and adipose tissue dysfunctions in the offspring. 4, 5 Large numbers of studies with animal models have provided evidence that developmental exposures to either native steroids or environmental endocrine disrupting chemicals result in IR and adipose tissue dysfunction. [5] [6] [7] [8] For instance, prenatal testosterone (T) excess leads to IR, dyslipidemia, and adipose tissue dysfunctions in monkeys, 9, 10 sheep, 11, 12 and mice 13, 14 with the nature of dysfunction varying depending on the species, time of exposure, and developmental time points studied. In sheep, the model used in this study, effects of prenatal T excess are manifested as reduced adipocyte size in the absence of an increase in visceral adiposity, 11, 15, 16 implying that the effects are at the level of adipocyte differentiation.
Adipocytes, one of the major cell components of adipose tissue, are derived from adipose stem cells which are mesenchymal stem cell (MSCs) that are present in various tissues including adipose tissue and bone marrow, among others. 17, 18 Adipogenesis from MSCs involve a 2-step process. 19 The first step, commitment of MSC into adipocyte lineage leading to the formation of preadipocytes, 20, 21 involves increased expression and activation of bone morphogenetic protein 4-associated zinc finger protein 423 (ZNF423; also known as ZFP423). 21 The second step, the differentiation of the preadipocytes to become lipid-laden adipocytes, involves several transcriptional factors including peroxisome proliferator-activated receptor-g (PPARG-g) and CCAAT-enhancer-binding proteins 22, 23 and is regulated by hormones such as insulin-like growth factor 1 and steroid hormones. 24 Developmental insults have been found to increase AT-MSC proliferation, preadipocyte differentiation, and hypertrophy of adipocytes by affecting either or both steps. [25] [26] [27] In addition to being involved in developmental programming of adipocyte differentiation, steroid hormones can exert direct effects on adipocytes with both estrogen (E) and T, influencing adipocyte proliferation and/or differentiation. 28 Adipose tissue predominantly expresses estrogen receptor 1 (ESR1), which mediates direct actions of E in reducing lipogenesis and promoting lipolysis 29 and reducing adipocyte size, 30 all of which could decrease adipocyte storage capacity. Additionally, the extent of E effects on adipogenesis seems to vary depending on the species, sex, and the fat depot, although in general it promotes adipogenesis. 29 In contrast, T inhibits adipogenesis and reduces lipolysis. 29, 31, 32 Because gestational T treatment increases fetal T and E levels, 33 induces hyperandrogenism, 34 and elevates E in adult females 35 and adipose tissue produces steroids 36 intracrine changes in steroid hormones also have the potential to modulate adipogenesis throughout life. Using the prenatal T-treated sheep as the model, the aims of this study were to assess the effects of prenatal T excess on (1) the local steroidogenic enzymes and steroid receptors in the visceral adipose tissue (VAT), (2) developmental changes in the expression of markers of adipocyte differentiation in VAT, and (3) the capacity of AT-MSCs in VAT to differentiate into preadipocytes/adipocytes during pre-and postpubertal life. In addition, because gestational T exposure not only increased fetal T but also maternal insulin levels, 33 the contribution of androgenic and/or insulindependent pathways in programming the prenatal T-induced defects in adipocyte dysfunctions were also investigated.
Methods

Animal Breeding and Maintenance
All animal procedures used in these studies were approved by the Animal Care and Use Committee of the University of Michigan and are consistent with the National Institutes of Health Guide for Use and Care of Animals. All studies were conducted at the University of Michigan Sheep Research Facility (Ann Arbor, Michigan; 42 18 N) using multiparous Suffolk sheep. Details regarding animal maintenance, breeding, and lambing have been described previously. 37 In brief, ewes were group fed daily with 0.5 kg shelled corn and 1.0 to 1.5 kg alfalfa hay/ewe and were mated to raddled Suffolk rams. Once mated, pregnant females were randomly assigned to different treatment groups. After weaning at *8 weeks of age, female lambs were maintained outdoors and fed a pelleted diet (Shur-Gain; Nutreco Canada Inc, Guelph, Canada) comprised of 3.6 MCal/kg digestible energy and 18% crude protein.
Experiment Design
Study 1: Developmental impact of gestational T excess and the androgen receptor antagonist/insulin sensitizer interventions on adipose tissue steroidal machinery and markers of adipocyte cell differentiation. To determine the effects of gestational T excess and the relative contribution of androgen and insulin in modulating the steroidal machinery and markers of adipocyte differentiation, VAT from female offspring born to control (C); prenatal T treated (T); prenatal T þ androgen receptor (AR) antagonist, flutamide treated (TF); and prenatal T þ insulin sensitizer, rosiglitazone treated (TR) were studied at gestational day (GD) 90 and after birth at 21 months of age ( Figure  1, top) . Treatments for the prenatal T group consisted of twiceweekly intramuscular administration of 100 mg T propionate (1.2 mg/kg; Sigma-Aldrich, St. Louis, Missouri) suspended in 2-mL cottonseed oil from day 30 to day 90 of gestation. For the TF group, in addition to T, flutamide (15 mg/kg; SigmaAldrich)-filled capsule (Profill Capsule Filling System; Torpac, Fairfield, New Jersey) was administered daily, orally. This dose was chosen as it blocks the phenotypic virilization effects of both exogenous and endogenous androgens in males and prenatal T-treated female sheep. 38 For TR group, in addition to T, rosiglitazone (*0.11 mg/kg; GlaxoSmithKline, Research Triangle Park, North Carolina) tablets were administered orally on a daily basis. This dose has been previously shown to normalize the insulin to glucose ratio in the maternal circulation 33 and restore insulin sensitivity 39 in prenatal T-treated sheep. The number of female fetuses studied at GD90 was n ¼ 6 for each of the groups. Year 2 sample sizes were C ¼ 6, T ¼ 5, TF ¼ 9, and TR ¼ 5. The effects of these interventions on estradiol positive feedback, puberty, insulin sensitivity, and adipocyte size distribution in this cohort of animals have been published, 16, [40] [41] [42] thus providing a framework for comparing adipocyte changes with adult phenotypic outcomes.
Study 2: Developmental impact of AR antagonist and insulin sensitizer dual intervention on steroidal machinery and adipocyte cell differentiation markers. This study examined if negation of androgen action and restoration of maternal insulin sensitivity in concert would prevent prenatal T-induced disruptions in local steroidal machinery and adipocyte differentiation ( Figure 1 ). Pregnant sheep were randomly assigned to 1 of 3 groups: C (n ¼ 8), T (n ¼ 10), and TFR; n ¼ 11, T þ flutamide þ rosiglitazone). The dosages of T, flutamide, and rosiglitazone as well as duration and mode of treatment are the same as described in study 1. At 10 months of age (postpubertal), VAT ( Figure 1 ) was collected following euthanasia with barbiturate overdose (Fatal Plus; Vortech Pharmaceuticals, Dearborn, Michigan) from C (n ¼ 7), T (n ¼ 3; only 3 female lambs were born with majority being males), and TFR (n ¼ 7) female offspring. A portion of VAT was snap frozen for gene expression analysis (this study) and the reminder used for the adipogenesis study (study 3).
Study 3: Developmental impact of prenatal T excess and AR antagonist and insulin sensitizer dual intervention on adipogenesis of AT-MSC. To determine the impact of prenatal T on adipogenesis and the effects of dual intervention (AR antagonist þinsulin sensitizer) in negating the detrimental effects of prenatal T on adipogenesis, VAT was collected from C (n ¼ 7), T (n ¼ 3), and TFR (n ¼ 7) females at 5 months of age during a laparotomy and at 10 months of age following euthanasia of the animals (same set of animals as in study 2). The AT-MSCs were isolated from VAT using well-established procedures. 43 In brief, adipose tissues were minced and digested in 0.1% collagenase at 37 C for 1 hour in a shaker incubator. At the end of digestion, the mixture was centrifuged at 200g for 3 minutes at room temperature to remove the debris and adipocytes. The supernatant containing the stromal vascular fraction (SVF) was centrifuged at 800g for 5 minutes at 4 C. The resulting cell pellet was washed twice in 10 mL Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum, 1X of antibiotic and antimycotic (Invitrogen, Carlsbad, California), plated onto cell culture dish and incubated at 37 C with 5% carbon dioxide (CO 2 ) in a cell culture incubator. The AT-MSCs were enriched by their capacity to adhere to culture dish plastic and cultured for 2 passages before storing in liquid nitrogen. All assays were run with cells at passage 2. Since 1 of 3 T animals did not yield sufficient VAT for AT-MSC isolation at 5 months, only 2 T animals were used in this study.
Differentiation of AT-MSCs into Preadipocytes/ Adipocytes
Differentiation was induced by adipocyte differentiation medium (ZenBio, Research Triangle Park, North Carolina) according to the manufacturer's protocol. In brief, SVF cells were thawed and grown in preadipocyte medium (ZenBio) at 37 C with 5% CO 2 for 2 days. Cells were then plated onto 6-well plates in the density of 4 Â 10 5 cells/well. The differentiation medium was added once the cells became confluent and incubated for 7 days. Cells were then cultured in adipocyte maintenance medium (ZenBio) for up to 14 days. Cells were collected at different time points for messenger RNA (mRNA) analysis or processed at the end of 14 days for oil red O staining.
Oil Red O Staining
At 14 days of differentiation, newly formed adipocytes attached to the culture plates were fixed with 4% formaldehyde in phosphate buffered saline, stained with 0.3% oil red O (Sigma-Aldrich) for 20 minutes, washed 2Â with isopropanol, and the stained cells visualized using a Nikon inverted microscope (DM IRE2; Nikon Instruments, Melville, New York).
RNA Extraction and Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from the VAT using Trizol (Invitrogen) or the AT-MSCs subjected to adipogenesis at day 0, 3, 7, and 14 of differentiation using an RNeasy kit (Qiagen, Germantown, Maryland) according to manufacturer's protocols. First strand complementary DNA (cDNA) was synthesized using SuperScript VILO cDNA Synthesis Kit (Invitrogen), and SYBR-Green qPCR was performed using SYBR Green Master Mix (BioRad, Hercules, California). Expression of each gene was normalized to the expression of housekeeping gene, ribosomal protein L19 (RPL19), and relative quantification of each gene was calculated according to the DDCt method. Amplification of specific transcripts was confirmed by melting curve profiles at the end of each PCR. Primer sequences for each gene are given in Table 1 .
Immunoblotting
For determining protein expression, VAT samples were homogenized in radioimmunoprecipitation assay buffer (Pierce RIPA Buffer; Thermo Scientific, Rockford, Illinois) containing protease inhibitors (Complete Mini; Roche Diagnostics, Indianapolis, Indiana) and phosphatase inhibitors (PhosSTOP; Roche Diagnostics) as described previously. 40 Briefly, tissue homogenates were centrifuged at 10 000g for 15 minutes at 4 C, the supernatant containing whole-tissue protein extract was collected, and protein concentrations determined using the detergent compatible protein assay kit (BioRad) as per manufacturer's recommendations. Equal amounts of protein (*40 mg) were resolved on Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a nitrocellulose membrane, blocked in 5% milk, incubated with primary antibody overnight at 4 C, washed and probed with horse radish peroxidase-tagged secondary antibody raised against the species in which primary antibody was generated. Proteins were detected by electrochemiluminescent reaction using ProteinSimple FluorChem E system (San Jose, California). The levels of each protein, as well as the corresponding loading control (glyceraldehyde 3-phosphate dehydrogenase [GAPDH]), were determined in the same membrane after stripping and reblotting. Band densities were determined using the ImageJ software (NIH, Bethesda, Maryland). The antibodies used are aromatase by Dr Benita S Katzenellenbogen), AR (SC-816; Santa Cruz Biotechnology), and GAPDH (14C10; Cell Signaling Technologies, Danvers, Massachusetts).
Statistical Analysis
All data from studies 1 and 2 were analyzed using analysis of variance (GraphPad Prism 6 software) with Tukey post hoc analysis; data were presented as mean + standard error of the mean, and the threshold for significance was set as P .05. Additionally, Cohen's effect size analysis 44, 45 was also used to determine magnitude of differences between C and prenatal T-treated groups and the intervention versus prenatal T-treated groups. The computed Cohen d value ! 0.2 is considered as small, ! 0.5 as medium, and ! 0.8 as large magnitude effect. 44, 45 Since only data from 2 animals from the prenatal T-treated group were available for AT-MSC adipogenesis assay and assessment of adipocyte differentiation markers in study 3, these data were not subject to statistical analysis.
Results
Effects of Gestational T Excess and AR Antagonist/Insulin Sensitizer Intervention on VAT Steroidal Machinery (Study 1)
Gestational day 90 fetuses. Effect size analysis revealed large effects of prenatal T treatment in increasing steroidogenic genes 3-b hydroxysteroid dehydrogenase (HSD3B) and aromatase (CYP19) but not steroidogenic acute regulatory protein (STAR), and 17a-hydroxylase/17,20-lyase (CYP17; Figure 2 , left panels). Prenatal T treatment significantly increased steroid receptor ESR1 and had large effects in increasing ESR2 but not AR mRNA expression (Figure 2 , right panels). Intervention with insulin sensitizer but not AR antagonist had large effects in preventing the increase in HSD3B and CYP19. The increase in ESR1 was significantly reversed by cotreatment with insulin sensitizer while intervention with AR antagonist only had a partial effect. For ESR2, both interventions had large effects in preventing the increase induced by prenatal T treatment.
Twenty-one-month-old females. Prenatal T treatment significantly increased steroidogenic gene CYP19 mRNA. Effect size analysis revealed small effects in increasing HSD3B and large effects toward increase for STAR and CYP17 mRNA, respectively (Figure 3, left panels) . Prenatal T treatment resulted in significant increase in steroid receptor ESR2 mRNA. Effect size analysis showed medium and large effects of prenatal T treatment in increasing the expression of steroid receptors ESR1 and AR mRNA, respectively (Figure 3 , right panels). Intervention with AR antagonist or insulin sensitizer had no effect on prenatal T-induced changes in HSD3B, CYP17, and ESR1 while both interventions were able to partially prevent the increase in CYP19, ESR2, and AR mRNA expression. For STAR gene while intervention with AR antagonist had no reversal insulin sensitizer had a partial effect in reversing the prenatal T-induced increase. Consistent with the increased CYP19 mRNA data, prenatal T excess increased CYP19 protein level while having no effect on CYP17 protein expression ( Figure 4) . As opposed to marginal, if any, effects on ESR1 mRNA, prenatal T excess increased protein content of ESR1 (Figure 4) . No effect of prenatal T treatment on protein levels of ESR2 was evident (Figure 4 ). Cohen's effect size analysis revealed large magnitude increase in AR protein content in VAT (Figure 4 ). Both AR antagonist and insulin sensitizer treatment partially prevented the increase in CYP19 and ESR1 protein while only AR antagonist reduced the prenatal T-induced increase in AR protein the VAT.
Effects of Prenatal T Excess and AR Antagonist/Insulin Sensitizer Intervention on Adipocyte Differentiation Markers (Study 2)
Gestational day 90 fetuses. Effect size analysis showed large effects of prenatal T treatment in reducing expression of lipoprotein lipase (LPL) and medium effects in reducing the PPARG, whereas there was a small effect toward increase in fatty acid-binding protein 4 (FABP4) gene expression ( Figure 5 , left panels). Intervention with either AR antagonist or insulin sensitizer had no effect in preventing the effects of prenatal T treatment on PPARG and LPL expression, whereas AR antagonist had medium effect in preventing the effect of prenatal T-induced changes in FABP4.
Twenty-one-month-old females. Effect size analysis found large effects of prenatal T in reducing LPL and FABP4 and medium effects in reducing PPARG mRNA expression ( Figure 5 , right panels). Cotreatment with AR antagonist or insulin sensitizer had large effects in preventing the prenatal T treatmentinduced reduction in PPARG and FABP4 while neither intervention prevented the effects of prenatal T on LPL expression.
Effects of Dual Intervention With AR Antagonist and Insulin Sensitizer on Adipose Tissue VAT Steroidal Machinery (Study 2)
At 10 months of age, prenatal T treatment had large, medium, and small effects in increasing STAR, HSD3B, and CYP19 mRNA, respectively in the VAT (Figure 6 , left panels). For steroid receptors, prenatal T treatment had medium effect in decreasing ESR1 and large and medium effects in increasing ESR2 and AR mRNA, respectively ( Figure 6 , middle panels). Dual intervention with AR antagonist and insulin sensitizer had large effects in reversing the increase in STAR, ESR1, and ESR2 mRNA expression but had no effect in altering the prenatal Tinduced changes in the remaining steroidogenic genes.
Effects of Dual Intervention With AR Antagonist and Insulin Sensitizer on Adipocyte Differentiation Markers (Study 2)
At 10 months of age, effect size analysis found large effects of prenatal T treatment in increasing PPARG expression and medium and large effects in decreasing for LPL and FABP4 expression, respectively ( Figure 6 , right panels). Effect size analyses also revealed large effects of dual intervention with both AR antagonist and insulin sensitizer in preventing the prenatal T-induced increase in PPARG and decrease in LPL and FABP4.
Effects of Prenatal T Excess and AR Antagonist-Insulin Sensitizer Dual Intervention on Adipogenesis of AT-MSC (Study 3)
Since only 2 T animals were available for this assessment, a statistical analysis was not possible. Differentiation of AT-MSC into adipocytes as evident from reduced oil red O staining ( Figure 7 ) was lower relative to controls in both T animals at both pre-and postpubertal time points. Adipocyte differentiation of dual intervention group was similar to that of controls at both pre-and postpubertal time points suggestive of potential reversal of prenatal T-induced effects. The mRNA expression levels of adipocyte differentiation markers were consistent with the observed changes in adipogenesis with reduced expression levels of PPARG, FABP4, LPL, and CD36 ( Figure 8 ) evident 7 days after induction of differentiation in the prenatal T-treated group at both pre-and postpubertal time points. This pattern of decreased expression was also evident 14 days after initiation of differentiation for PPARG and LPL genes at the prepubertal time point and for LPL and FABP4 mRNA at the postpubertal time point. There was no indication of any changes in the expression of stearoyl-coenzyme A desaturase 1, sterol regulatory element-binding protein, and fatty acid synthase at both pre-and postpubertal time points (Supplemental Figure 1) . Expression level of PPARG, FABP4, LPL, and CD36 at both pre-and postpubertal time points in the dual intervention group were similar to control (except CD36 14 days after initiation of differentiation) suggestive of potential prevention of prenatal T-induced effects on adipogenesis.
To examine whether prenatal T excess has any effects on lineage commitment of AT-MSC into preadipocyte, the expression level of ZNF423, an adipocyte lineage commitment marker, was evaluated before (day 0) and after (day 3) induction of differentiation. In contrast to the reduced expression of the markers of adipocyte differentiation, the expression of ZNF423 in the prenatal T-treated animals appear to be higher before and after initiation at both pre-and postpubertal time points (Figure 9 ). Expression level of ZNF423 in the dual intervention group was similar to controls in the postpubertal time point but not at the prepubertal time point (increased relative to controls).
Discussion
The findings of the present study provide evidence in support of altered adipogenesis with increased AT-MSC commitment to preadipocytes and decreased preadipocyte differentiation into adipocytes (preliminary findings) in the VAT of prenatal T-treated female sheep. These changes may contribute to the formation of small adipocyte phenotype 15, 16 of the prenatal T-treated female sheep. Additionally, the changes detected in steroidogenic enzymes and steroid receptor expression in the VAT suggestive of an estrogenic intracrine steroidal milieu point to estrogenic contribution in programming and maintaining the reduced adipogenesis, cell differentiation, and adipocyte size phenotype. The significance of these findings and the involvement of androgenic and metabolic pathways in programming these defects are discussed below.
Impact of Prenatal T Treatment on VAT Steroidal Machinery
This is the first report of existence of multiple steroidogenic enzymes (STAR, HSD3B, CYP17, and CYP19) in the VAT depot of sheep, a precocial species-a finding that is consistent with other studies in altricial species and humans indicating adipose tissue depots expresses multiple steroidogenic enzymes. 46 The finding that prenatal T treatment increased the mRNA expression of STAR, CYP17, and CYP19 and protein content of CYP19 in the VAT at 21 months of age suggests that prenatal T treatment has reprogrammed the steroidogenic biosynthetic machinery resulting in altered steroidal machinery. The increased protein expression of CYP19 coupled with ESR1 indicates a predominant estrogenic action in the VAT from prenatal T-treated female sheep. Other studies have shown that increased E signaling in the adipose tissue reduces lipid uptake through inhibition of LPL and promotes lipid mobilization by stimulation of lipolysis. 29, 47 As such the increased estrogenic action in the VAT would be expected to reduce the lipid storage capability of the adipocytes and contribute to dyslipidemia and ectopic lipid accumulation. Consistent with this premise prenatal T-treated sheep not only have reduced adipocyte size 15, 16 with reduced LPL expression (this study) but also manifest dyslipidemia and ectopic lipid accumulation in liver and muscle. 48 Additionally, the finding that VAT from prenatal T-treated fetuses manifests increases in CYP19, ESR1, and ESR2 mRNA in the absence of increase in CYP17 and AR mRNA indicates that E likely played a role in altering the trajectory of adipocyte differentiation such that the intracrine adipocyte milieu is predominantly estrogenic. These data together with the observations that gestational T treatment increases fetal E levels 49 and prenatal T-induced reduction in adipocyte size was not reversed by cotreatment with AR antagonist 16 provide further support that defects in adipocyte size maybe programmed by the estrogenic pathway.
Impact of Prenatal T Treatment on Expression of Adipocyte Cell Differentiation Markers
The reduced expression of adipocyte differentiation markers (PPARG, LPL, and FABP4) in the VAT at 21 months of age is consistent with our finding of reduced adipocyte size in prenatal T-treated adult female sheep. 15, 16 Evidence that adipose tissue-specific knockout of PPARG induces an insulin resistant state in the mouse, 50 raises the possibility that the reduced PPARG expression in the VAT of prenatal T-treated sheep may have contributed to their insulin resistant state.
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Peroxisome proliferator-activated receptor gamma is a ligandactivated transcriptional factor that is predominantly expressed in adipose tissues 51 with its expression regulated by dietary fatty acids and hormones such as insulin 52 and E. 53 Studies in mice have found that administration of E results in reduced expression of PPARG and its target genes LPL and FABP4.
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As such the increased estrogenic action in the VAT of prenatal T-treated sheep (this study) may have contributed to the reduced expression of adipocyte differentiation markers and subsequently the impaired differentiation of adipocytes.
While the predominantly estrogenic action at fetal day 90 (this study) coupled with our earlier findings of increased fetal E levels 49 suggests that decreased adipogenesis is likely programmed by E, the higher PPARG expression and lack of changes in the expression of estrogenic genes (ESR1 and CYP19) in the VAT at the postpubertal age (10 months) likely reflect a compensatory adaptation, a finding consistent with the insulin sensitive state at this time point in the prenatal T-treated sheep. 16 
Impact of Prenatal T Treatment on Adipogenesis From AT-MSCs
Consistent with the reduced expression of adipocyte differentiation markers in the VAT, our findings, albeit preliminary, suggest adipocyte formation is likely lower in the prenatal T-treated females. An impairment in adipocyte formation was also reported in subcutaneous AT-MSC from the prenatally T-treated macaque model. 54 Whether such changes also exist in the subcutaneous depot in the sheep and visceral depot in the macaque remains to be determined. Preliminary observation of absence of adipocyte differentiation at both pre-and postpubertal time points suggests that the pubertal hormonal changes may have no influence and the disruption is likely organized during the window of the prenatal T treatment. However, because gestational T exposure also alters VAT steroidal D3  D7  D14  D0  D3  D7  D14  D0  D3  D7  D14  D0  D3  D7  D14   D0  D3  D7  D14  D1  D3  D7  D14  D0  D3  D7  D14  D0  D3  D7 machinery, intracrine steroidal changes may be the mediary via which such organization is facilitated. As opposed to reduced adipocyte formation from visceral AT-MSCs from prenatal T-treated sheep, our preliminary finding of the increase in adipocyte lineage marker ZNF423 is suggestive of increase in commitment of VAT AT-MSC to preadipocytes, a finding that is similar to observations in the subcutaneous AT-MSCs of prenatally androgenized rhesus macaques. 54 The increase in commitment may contribute to the increased proportion of small adipocytes evidenced in prenatal T-treated sheep 15, 16 and monkeys, 54 a premise that needs to be investigated in a larger group of prenatal T-treated animals.
Impact of Steroidal and Metabolic Interventions on VAT Steroidal Machinery, Adipocyte Differentiation, and Adipogenesis Visceral adipose tissue steroidal machinery. The finding that prenatal intervention with either AR antagonist or insulin sensitizer was able to partially reverse the increase in VAT CYP19 at both mRNA and protein levels suggests that both androgenic and metabolic pathways are involved in setting the increased estrogenic action in the VAT. However, the reduced estrogenic action expected as a result of the reduction in CYP19 as well as ESR1 with both interventions is not consistent with reported absence of reversal in adipocyte size. 16 One possibility is that the partial reduction achieved with CYP19 and ESR1 protein may have been insufficient or alternatively a reflection of the intracrine androgen/E balance as partial reversal of AR was evident with AR cotreatment. In the context of programming, the complete reversal of AR mRNA, partial of ESR2 but not ESR1, with either AR antagonist or insulin sensitizer in fetal day 90 VAT indicates synergy between steroidal and metabolic pathways in inducing such programming defects.
Adipocyte differentiation and adipogenesis. As is the case with the VAT steroidal machinery, our findings that intervention with either AR antagonist or insulin sensitizer or dual interventions are able to reverse the expression of adipocyte differentiation genes PPARG and FABP4 in 10-and 21-month old animals suggest that both androgenic and metabolic pathways are involved in prenatal T-induced programming of defects in adipocyte differentiation. However, the finding that neither interventions had any effect in reversing the prenatal T treatment-induced changes in adipocyte size 11 coupled with their inability to completely reverse the estrogenic action (this study), and the increase in fetal E levels, 49 supports involvement of E also in mediating adipocyte differentiation. Additional studies utilizing E receptor antagonist alone or in combination with AR antagonist and insulin sensitizer are required to narrow down the relative contribution of androgenic, estrogenic, and metabolic pathways in programming and maintaining adipocyte differentiation.
Translational Relevance and Conclusions
Although adipose tissue is recognized as an endocrine organ 55 and express various steroidogenic enzymes 56 and it is well known that steroids can influence adipose distribution and function, the role played by intracrine steroidal milieu in adipocyte differentiation and IR is unclear. Demonstration of altered steroidal machinery in the VAT of prenatal T-treated female sheep that manifest a PCOS reproductive and metabolic phenotype raises the possibility, such defects may underlie adipocyte dysfunction and insulin sensitivity defects seen in prenatal T-treated sheep. Association of increased distribution of small adipocytes in humans with insulin resistance coupled with decreased expression of adipocyte differentiation markers, 57 aspects also seen in prenatal T-treated female sheep, suggests that the prenatal T-treated sheep model may be of translational relevance in understanding human metabolic diseases including PCOS. Additionally, studies in prenatal T-treated sheep-a precocial model-is likely to be of benefit in determining the role played by 
ZNF423
Days of Differentiation Figure 9 . Effect of prenatal T exposure on expression of adipocyte lineage commitment marker ZNF423 before and after puberty. Gene expression of ZNF423 was quantified by RT-PCR before (day 0) and after (day 3) induction of differentiation. Controls and TFR were shown as mean + SEM, the fold changes in 2 samples from prenatal T-treated animals were marked in black dots. TFR indicates prenatal T-treated animals cotreated with flutamide and rosiglitazone; SEM, standard error of the mean.
environmental agents with steroidogenic potential in programming defects in adipogenesis. In summary, the results from the study provide evidence that prenatal T treatment programs an increased estrogenic action in the sheep VAT, reduces expression of adipocyte differentiation genes, and provides preliminary evidence that it also decreases the adipogenic potential of the AT-MSCs. While the limited sample size in study 3 precludes from making substantial inferences on the effects of prenatal T treatment on adipogenesis, the findings from studies 1 and 2 in concert with our previous observations of reduced adipocyte size and IR phenotype 15 provide a possible linkage for such defects contributing to the metabolic phenotype of the prenatal T-treated sheep. Additional studies with large sample size, determination of the local steroidal content in the VAT, and interventions utilizing E antagonists or aromatase inhibitors should confirm the defects in adipogenesis and help identify the role played by E in programming or maintaining the defects in adipocyte differentiation.
